The severe soil erosion in the dry-hot valley (DHV) in southwestern China may result in heavy metal pollution in the Red River. However, little is known concerning the level of contamination, spatial distribution and environmental controls of the heavy metals in the soils of the DHV. Heavy metal concentrations in agricultural soils in a typical DHV catchment were investigated. Soil samples from both the topsoil (0-20 cm) and subsoil (20-40 cm) were collected at sixty-two sites, and the soil physical and chemical properties of sand, silt, clay, and organic matter contents; soil pH; bulk density; and the concentrations of Cr, Ni, Cu, Zn, and Pb were determined. Topographic factors of slope gradient, slope aspect, elevation, and topographic wetness index at each site were calculated using DEM. Kriging and canonical correspondence analyses were used to assess the spatial distribution of and environmental controls on heavy metals. The results demonstrated that the concentrations of Cr, Ni, Cu, Zn, and Pb in the DHV were higher than most of the reported values for agricultural soils worldwide and that the DHV may constitute a potential source of heavy metal pollution in the Red River. Considering each heavy metal individually, the vertical distribution in the topsoil and subsoil was similar at all of the sampling sites. High concentrations of Cr, Ni, Zn and Pb were observed at low elevations and low slope areas, and the spatial distribution pattern of Cu was contrary to that of Cr, Ni, Zn and Pb. The concentrations of heavy metals in the topsoil were controlled by both soil and topographical factors, while in the subsoil, they were primarily controlled by soil-related factors. It is concluded that high background concentrations, uncontrolled use of chemical fertilizers, and mining are the sources responsible for heavy metal contamination in the DHV region.
Introduction
Soils are a key component of the terrestrial ecosystem and play a key role in food production, biochemical transformations, the cycling of elements and many recreational activities (Morgan, 2009 ). Due to rapid industrialization and urbanization during recent decades (Kelepertzis, 2014; Sun et al., 2010) , some soils have become contaminated by heavy metals accumulated from sources such as vehicle emissions, industrial wastes, mine tailings, and the application of fertilizers and sewage sludge (Wuana and Okieimen, 2011) . As a result, heavy metal contamination in soils has become an important environmental issue in recent years (Fu et al., 2014; Micó et al., 2006) .
Heavy metal contamination in soils exhibits specific pollutant characteristics. Heavy metals do not decay over time and can be toxic to plants when they exceed specific thresholds. Heavy metals are present in soils at background levels from non-anthropogenic origins and can become mobile as a result of changing environmental conditions or saturation beyond the buffering capacity of soils (Facchinelli et al., 2001) .
Accumulation of heavy metals in soils has the potential to inhibit soil functioning, cause toxicity to plants, contaminate the food chain, and promote heavy metal transfer to humans (He et al., 2005) . Overland flow and soil erosion are increasingly recognized as important in the transfer of heavy metals from soils to surface waters. Thus, heavy metal contamination can not only affect soil ecology, agricultural production, and underground quality but also influence aquatic ecosystems and cause deformation in fish (Heredia and Cirelli, 2009) .
Agricultural production plays a key role in the development of China. However, with rapid industrialization, urbanization, and increasing reliance on agrochemicals, heavy metal contamination in soils has become severe during the last two decades (Pan and Wang, 2012; Wong et al., 2002) . A recent study reported that more than 16% of Chinese agricultural soils are contaminated with heavy metals (Song et al., 2013) . Heavy metal contamination and the restoration of soils in China have been the subject of much attention and were important components in the National "12th Five-Year Plan" for environmental protection (Kelepertzis, 2014 ; The State Council of the People's Republic of China, 2012) . In the past decade, numerous studies have been reported on the concentrations, distribution, and sources of heavy metals in Chinese soils (Shao et al., 2014; Song et al., 2013) . However, most of those studies focused on urban soils (Li et al., 2013; Shao et al., 2014) , and only a few addressed contamination in the agricultural soils of the dry-hot valley (DHV) region, an ecologically fragile zone with severe soil erosion in China (Zhang, 1992) .
The DHV region is characterized by high temperatures (the annual mean temperature is N 20°C) and low humidity (the annual mean precipitation is b650 mm) (Wang et al., 2004) . The total area of the DHV is approximately 3.2 × 10 4 km 2 , with the largest proportion distributed in the deeply incised valleys of the Upper Red River (Fig. 1) (Ji et al., 2009; Zhang, 1992) . The soils in this area have high geological background values of heavy metals (Ministry of Environmental Protection of the People's Republic of China, 1990) . According to the national survey of soil elements, in this region, the background values of Pb are 1.58-fold and of Cu are 1.44-fold higher than the national average. Severe soil erosion caused by high sand content in the soils and steep slopes in the DHV (Yang et al., 2003) may contribute to heavy metal pollution in the river system (Cenci and Martin, 2004; Fu et al., 2012) because of increased sediment loads (He et al., 2007; Le et al., 2007; Miao et al., 2010) . Furthermore, hydropower exploitation via the proposed cascade reservoir system in the Upper Red River (Zhai et al., 2007) may submerge parts of the DHV, making this region a potential source of heavy metal pollution in downstream agricultural products, fisheries, and river ecosystems (Phan et al., 2013; Steininger, 2003) . However, little is known about the levels of contamination, spatial distribution patterns and sources of heavy metals in the agricultural soils of the DHV.
In this study, the heavy metals in the soils of a typical agricultural catchment in the DHV were studied. Our objectives were to (1) assess heavy metal concentrations, (2) characterize the spatial distribution of heavy metals, and (3) evaluate the impact of environmental factors on soil heavy metals.
Materials and methods

Study area
The study area was located in the Laozhai catchment on the right bank of the Yunjiang River DHV (Fig. 1) in southwestern China. The Yunjiang River, which is also known as the Red River, flows through China, Laos, and Vietnam. The river originates in the Yunnan Province, southwestern China, where it is called Yuanjiang. The Yunjiang DHV is the most concentrated and continuous DHV in China (Zhang, 1992) . The area of the Laozhai catchment is 0.57 km 2 , more than 85.00% of which is farmland with the primary crops of corn or sugarcane in summer and autumn; the area lies fallow in winter and spring. The average elevation is 768.00 m (ranging from 470.00 to 950.00 m), and the average slope is 23.64°. The local climate is characterized by sufficient heat flux, high accumulated temperature, hot summers, and warm winters. The torrid red soils are widely distributed in this area and characterized by a thin profile, high sand or stone content, poor water retention, and few available nutrients (National Soil Survey Office, 1998). The most common vegetation type is tropical bushveld with a sparse presence of trees. Dominant species are Heteropogon contortus and Dodonaea riscosa (Zhang, 1992) .
Sample collection and analysis
Sixty-two sites were selected to monitor soil heavy metals in the Laozhai catchment, and each site was selected after careful inspection the representativeness of the agricultural land and the topographical positions in the DHV. Undisturbed and disturbed soil samples were collected separately at each sampling point in both topsoil (0-20 cm) and subsoil (20-40 cm) in July 2012. The undisturbed samples were collected with a soil core (with a diameter of 55.00 mm and a height of 50.00 mm), and three undisturbed samples were collected at each site; the undisturbed samples were used to measure soil bulk density. The disturbed soil samples were air-dried at room temperature and sieved through a 2.00-mm nylon sieve. The particle size distribution, organic matter content (OM), pH, and bulk density (BD) of all samples were determined in the laboratory following the methods of the National Soil Analysis Standards (Liu, 1996) . Briefly, particle size distribution (sand (0.02-2.00 mm), silt (0.002-0.02 mm), and clay (b 0.002 mm)) were determined with the pipette method after H 2 O 2 treatment to remove organic matter. Organic matter content was measured using the combustion method after passing the soil samples through a 0.15-mm sieve. Bulk density was measured with the cutting-ring method, and pH was determined using the potential method (the soil water ratio was 2.5:1). The concentrations of Cr, Ni, Cu, Zn, and Pb were determined by X-ray fluorescence spectrometry (XRF, ZSX100e, Rigaku Corporation, Japan). Soil samples were homogenized and sieved to 200-mesh grain size, pressed into powder pellets (diameter 32.00 mm, height 4.00 mm and weight 4.00 g), added to alumina cups and pressed under 40-ton pressure for 20.00 s (Tan et al., 2012) . X-ray counts were converted into concentrations using a computer program based on the fundamental parameter method (Kitov, 2000; Sherman, 1956) . The sensitivity of the analysis was established, and all determined elements (Cr, Ni, Cu, Zn, and Pb) exceeded the lower detection limit and were adequate for determination. The accuracy of the analytical method was estimated by calculating the relative systematic error between the determined and recommended values of the geological standard materials: (GBW(E)070008, GBW(E)070009, and GBW(E)0700010 geochemical reference materials, obtained from the National Certified Materials Resources Network). The mean relative systematic error was less than 12.00% compared to the recommended values. Analytical duplicates comprising 20% of the total samples were also analyzed to test the precision of the results; if the precision for a particular element exceeded 10.00% at the 95.00% confidence level, the concentrations of Cr, Ni, Cu, Zn, and Pb in the soil sample were re-determined.
Contamination factor
The contamination factor (CF) was used as a measure of metal pollution in soils, as given by Hakanson (1980) . The CF was obtained using Eq.
(1) at each sample site:
where CF ij is the contamination factor in the ith sample of the jth heavy metal, C ij is the concentration of the jth heavy metal at the ith sampling point, and S j is the natural background concentration of the jth heavy metal. interpreted as follows: low contamination at CF b 1.00, moderate contamination at 1.00 ≤ CF b 3.00, considerable contamination at 3.00 ≤ CF b 6.00, and very high contamination at CF ≥ 6.00, according to Fujita et al. (2014) .
Calculation of topographic factors
The topographic factors of elevation above sea level (El), slope gradient (Sl), and slope aspect (Sa) at each sample position were estimated from the 5 m-DEM, built from the 1:10,000 digital topographic map and processed using ArcGis software. We used the soil wetness index (SWI), which is considered to be an effective indicator of those landscape positions in which overland flow dominates water transport processes. Therefore, SWI may exhibit a significant relationship with soil water content, soil organic carbon content, and other soil physicochemical properties (Pei et al., 2010; Sumfleth and Duttmann, 2008) . The SWI was calculated using the specific catchment area (A s ) and slope gradient as independent variables (β), both of which were obtained from the DEM (Wilson and Gallant, 2000) :
Spatial and statistical analyses
Ordinary kriging in ArcGis V9.3 was used to estimate the spatial components of the soil heavy metal concentrations. If the original variables (heavy metals) showed skewed distributions, logit transformations were used to make the data suitable for regression and variogram analyses (Martín et al., 2006) . Semivariograms were developed to establish the degree of spatial continuity of the heavy metal concentrations. Three parameters, including nugget, sill, and range, were used to describe the semivariogram. The ordinary kriging framework used in this paper follows that previously described in Zimmerman and Zimmerman (1991) . For a more in-depth explanation of the procedures, see Cressie (1988) .
When the criterion of normal distribution of soil heavy metal concentration, soil physico-chemical properties and environmental factors was satisfied, Box-Cox transformation (Sakia, 1992) was used for the statistical analysis of non-normal distributions. Pearson correlation analysis was used to identify the relationships between the concentrations of heavy metals and environmental factors. The differences in heavy metal and soil properties between topsoil and subsoil were tested by analysis of variance (ANOVA). Differences were considered significant when P b 0.05. The basic descriptive statistics, correlation analysis, and ANOVA were performed using SPSS 16.0 (SPSS München, Germany). In addition, to determine the relative importance of environmental factors in explaining the concentrations of heavy metals in the Laozhai watershed, canonical correspondence analysis (CCA) was used. CCA is a multivariate method to elucidate the relationships between response variables and their environmental effect factors. The method was designed to extract synthetic environmental gradients from ecological data-sets, and the primary method used to present the results of CCA is the ordination diagram. The relative importance of environmental factors in explaining the response variables can be unscrambled by the length of the environmental factors and the arrows between environmental factors and the response variables in the ordination diagram; for a more in-depth explanation of the ordination diagram, see Lepš and Šmilauer (2003) . CCA analysis has been widely used to study the environmental control over concentrations of soil heavy metals (Beasley and Kneale, 2003; Read et al., 1998) . In this study, the heavy metal concentrations of each monitor site were set as response variables, and the environmental factors of El, Sa, Sl, SWI, OM and pH were set as independent variables. CCA analysis was conducted using Canoco software 4.5 (Microcomputer Power, Ithaca, NY, USA).
Results
Environmental factors
The median Sa was 70.69°, indicating that the main slope aspect of the sampled positions was East by North. The median Sl was 26.99°, with a maximum of 50.44°. The SWI ranged from 8.09 to 34.91, with a median value of 12.03 (Table 1) .
The torrid red soil was characterized by a high sand content and acidic conditions in the study area. There were no significant differences in the sand, silt, clay and pH between the topsoil and subsoil, while the OM content and BD of the topsoil were significantly higher than those of the subsoil, probably because of soil erosion and cultivation (Table 2) .
Heavy metal contamination
The concentrations of heavy metals (both mean and median values) in both 0-20 cm and 20-40 cm of soil depth were in the order (from highest to lowest) Zn N Cu N Cr N Ni N Pb. The largest variation in mean values was observed for Zn (Table 3 ). The concentrations of Pb in subsoil were significantly higher than those in topsoil. However, although the concentrations of Cr, Ni, and Cu in subsoil were also higher than in topsoil, these differences were not significant (Table 3) . Additionally, the median concentrations of Zn in topsoil were slightly higher than those in subsoil.
Cu had the highest contamination factor in both topsoil and subsoil, followed by Ni, Zn, and Cr. Pb had the lowest CF values (Table 3) . More than 50.00% of the samples belonged to the "considerable contamination" level for Cu in both topsoil and subsoil. More than 30.00% of the samples in topsoil and more than 43.00% of the samples in subsoil fell within the "very high contamination" level (Fig. 2) . The "considerable contamination" level was observed for Ni in approximately 70.00%, for Cr in 60.00%, and for Zn in 30.00% in both topsoil and subsoil. More than 75.00% of the samples had "moderate contamination" levels and less than 13.00% of the samples had "considerable contamination" for Pb in both topsoil and subsoil. As a result, Cu had the highest contamination level in the study area, followed by Ni, Zn, Cr, and Pb.
Spatial distribution of heavy metals
The concentrations of soil Cr, Ni, Cu, Pb and Zn under different slope gradients, elevations and slope aspects were analyzed. The distributions of soil heavy metals in topsoil and subsoil were generally similar (Fig. 3) , and the distribution of Cu was different from that of Cr, Ni, Zn and Pb. Higher concentrations of Cu were found when the slope gradient was between 30.00 to 40.00°, the elevation was less than 600.00 m, and on the south aspects of slopes (slope aspect range from 135.00 to 225.00°), while the highest concentrations of Cr, Ni, Zn and Pb were generally found when the slope gradient was greater than 40.00°, the elevation was between 600.00 and 700.00 m, and on the north aspects of slopes (slope aspect range from 0 to 45.00 and from 315.00 to 360.00°).
The spatial distribution in topsoil and subsoil was similar for each individual heavy metal (Fig. 4) . Additionally, Cr, Ni, Zn and Pb showed similar spatial distributions: high metal concentrations were observed at low elevations (foot and toe slopes) and on the south side of the catchment. The slope gradient of the south side of the catchment is less than that of the north side, and the low elevation areas of the catchment (foot and toe slopes and the mouth of the catchment) are characterized by sediment deposition. The spatial distribution pattern of Cu was contrary to that of Cr, Ni, Zn and Pb, and high Cu values were mainly found on the north side of the catchment, which is characterized by an extremely high slope gradient. <600.00 600.00-700.00 700.00-800.00 800.00-900.00 >900.00 
Relationships between environmental factors and heavy metals
The concentrations of Cr, Ni, Zn, and Pb were significantly positively correlated with each other in both topsoil and subsoil, while no significant correlations existed between Cu and the other heavy metals (Table 4) . Cr was not correlated with soil properties or topographic factors in topsoil, but in the subsoil layers, Cr was significantly positively correlated with BD and negatively correlated with El. A significant positive correlation was found between Ni and OM and a significant negative correlation was found between Ni and El in both topsoil and subsoil, while no correlations were found between Ni and other soil properties or topographic factors. A significant negative correlation was found between Cu and BD, and a significant positive correlation was found between Cu and Sa in topsoil. However, no correlations were found between Cu and soil properties or topographic factors in the subsoil. Zn was significantly negatively correlated with BD in topsoil and was significantly positively correlated with OM in both topsoil and subsoil. Pb was significantly positively correlated with OM in topsoil, while no significant correlations were found between Pb and environmental factors in subsoil (Table 4) .
The ordination diagram (Fig. 5 , Table 5 ) was based on CCA of the soil heavy metal data (Cr, Ni, Cu, Zn and Pb) of the 62 monitoring sites, as well as the data of ten environmental variables. In the topsoil, the eigenvalue of the first axis was 0.02, and that of the second axis was 0.01. The heavy metal-environmental factor correlations were high for both the first and second axes at 0.50 and 0.46, respectively. The cumulative percentage of variance of the soil heavy metals explained by the first and second axes was 16.60, and that for heavy metal-environmental factor relationships was 87.10. The results indicate that there were strong relationships between heavy metals and environmental factors at the first two axes. Furthermore, compared with topsoil, stronger relationships between heavy metals and environmental factors at the first two axes were found in the subsoil. The eigenvalues for the first and second axes were 0.02 and 0.02, and the heavy metal-environmental factor correlations were 0.61 and 0.47, respectively. The cumulative percentage of variance of the soil heavy metals explained by the first and second axes was 22.50, and for heavy metal-environmental factor relationships, the value was 85.80 .
In the topsoil, Cu and Zn were closely correlated with the first axis, and Pb, Cr and Ni were correlated with the second axis (Fig. 5) . The locations of the heavy metals on the graph in relation to the lines representing the environmental variables indicated a positive correlation between the concentrations of Cr and silt; furthermore, Cr was negatively correlated with As, and the environmental factor with the highest correlation was silt. Ni was positively correlated with clay and pH and was negatively correlated with El and Sand; the environmental factor showing the highest correlation was pH. Cu was positively correlated with As and was negatively correlated with BD; the environmental factor with the highest correlation was As. Zn was negatively correlated with SWI. Pb was positively correlated with OM and sand and was negatively correlated with clay; the environmental factor showing the highest correlation was OM.
In the subsoil, Pb, Cr and Ni were closely correlated with the first axis, and Cu and Zn were correlated with the second axis (Fig. 5 ). The ordination diagram shows a positive correlation between the concentration of Cr and pH. Furthermore, Cr was negatively correlated with As, and the environmental factor with the highest correlation was silt. Ni was positively correlated with pH and was negatively correlated with Sl; the environmental factor showing the highest correlation was pH. Cu was positively correlated with sand and was negatively correlated with BD and clay; the environmental factor with the highest correlation was sand. Zn was positively correlated with OM and negatively correlated with SWI; the environmental factor showing the highest correlation was OM. Pb was positively correlated with Sl and was negatively correlated with pH; the environmental factor showing the highest correlation was Sl (Fig. 5 ).
In conclusion, the concentrations of heavy metals in the topsoil were controlled by both soil and topographical factors, while in the subsoil, they were mainly controlled by soil-related factors. Specifically, the concentrations of Cr and Ni in both topsoil and subsoil were mainly controlled by the soil-related factors of silt and pH, respectively. The concentration of Pb was controlled by OM in the topsoil and by Sl in the subsoil. The concentrations of Cu and Pb were mainly determined by the topographical factors of As and SWI, respectively, in topsoil and by the soil-related factors of sand and OM, respectively, in the subsoil.
Discussion
Heavy metal contamination in the DHV
We compared the concentrations of heavy metals observed in our study with those reported for other areas in China and elsewhere (Table 6) . Notably, the concentrations of heavy metals found in our study were higher than those reported in most other areas, except for Ni concentration, which was higher in Serbia (Dragović et al., 2008) . The mean concentration of Pb in our study was similar to that observed in Beijing and Guangzhou (Li et al., 2009 ) and lower than that reported for Izmit Bay (Pekey, 2006) .
High concentrations of heavy metals in the DHV may be attributed to this area's distinctive physical geography and to farming systems. First, under the unique hot and dry soil-forming environment, the background concentrations of heavy metals in the torrid red soil are higher than those found in other soil types. Additionally, the background levels of Cu and Pb for torrid red soil were the highest of the 41 types of soils tested according to the results of the National Survey (Ministry of Environmental Protection of the People's Republic of China, 1990) . For example, a very high Cr concentration of 762.90 mg·kg −1 was observed in the river bed sands in the Mekong River, and torrid red soil is widely distributed in that region's DHV (Fu et al., 2012) . Furthermore, a combination of factors (low precipitation and high evaporation; Zhang, 1992) , steep slopes (Table 1) , and loss of farm labor in recent years (Xia, 2009) limited the implementation of alternative farming practices in the DHV region. Consequently, farmers intended to use large quantities of fertilizer (both chemical and manure) and pesticides instead of irrigation, cultivation, and weeding. These practices resulted in the accumulation of Sr, Ni, Cu, Zn, and Pb in the soils used for agriculture (Wuana and Okieimen) . Additionally, the DHV in the Upper Red River is well known for its rich mineral resources (Zhao, 1992) . A large copper deposit called Dahongshan is situated in the Yunjiang DHV (Qin et al., 2000) approximately 20 km away from our study area. The coppermining, iron, and steel industries may accelerate heavy metal contamination in soils (Rey et al., 2013; Sun et al., 2010) . Soil erosion in the DHV is severe because of the high sand content in soils and the steep slopes in this region, and it may increase sediment yield in the Red River (Yang et al., 2002) . The erosion modulus was as high as 12,000.00 t·km −2 ·a −1 in a similar typical DHV (Chai, 1995) , where the soil loss tolerance is only 500.00 t·km −2 ·a −1 (Ministry of Environmental Protection of the People's Republic of China, 1990) . Moreover, a Chinese proposal to develop hydropower capacity by constructing twelve large-scale dams in the Upper Red River (Zhai et al., 2007) may result in the submersion of parts of the DHV. Consequently, high concentrations of heavy metals, severe soil erosion, and the new dam construction may interact to make the DHV a potential source of heavy metal pollution in the Red River. Local governments need to consider this issue when plans for the dam construction as a "cascade reservoir system" are implemented. Specifically, effective soil remediation and soil and water conservation measures will be needed in the DHV to prevent heavy metal contamination in the Red River. 
Spatial distribution and environmental controls of soil heavy metals in the DHV
Correlations among different heavy metals can be used to explain their spatial distributions and sources in soils (Navas and Machín, 2002; Zhou et al., 2014) . The correlations among different soil heavy metals (Table 4) indicate a common source of Cr, Ni, Zn, and Pb and a separate source of Cu in the Laozhai watershed. Heavy metals in agricultural soils originate from either an anthropogenic or a geogenic/ pedogenic source (Dragović et al., 2008; Raymond and Okieimen, 2001) . Zn, Ni, Cr, and Pb are widely attributed to anthropogenic sources (Kelepertzis, 2014; Qi et al., 2010; Raymond and Okieimen, 2001) . The content of Pb in agricultural soils may increase after the use of phosphatic fertilizers. Additionally, the application of pesticides, biosolids, or manures may lead to the accumulation of Zn, Ni, Cr, and Pb (Alloway, 2013; Raymond and Okieimen, 2001 ). Corn and sugar cane are widely planted in the Laozhai catchment, and chemical fertilizers, pesticides, and pig manures are used annually to increase crop production. These agricultural practices could be a major reason for the accumulation of Zn, Ni, Cr, and Pb in the study area. The application of chemical fertilizers, pesticides, and manures may also increase Cu content in agricultural soils (Dragović et al., 2008; Raymond and Okieimen, 2001) . However, in this study, there was a strong relationship between Cu and the soil physical properties of BD and sand and silt contents (Table 4) , and the spatial distribution of Cu was different than that of Cr, Ni, Zn and Pb, indicating a different source of Cu. The Dahongshan mine is a large Cu mine that is situated 20 km away from the Laozhai catchment (Qin et al., 2000) , and the accumulation of Cu in soils may be attributed primarily to the bedrock influence in the study area. Furthermore, low elevations and the south side of the Laozhai catchment are used mainly for farming (Fig. 1) . Because of the relatively low slope gradients and easy access, farmers tend to use more chemical fertilizers, manures, and pesticides here compared with other locations. These practices are likely to result in high concentrations of Cr, Ni, Zn, and Pb.
CCA analysis has been widely used to identify the environmental controls of heavy metals (Beasley and Kneale, 2003; Read et al., 1998) . Soil properties and topographic factors may play an important role in the mobility and bioavailability of heavy metals, thus influencing their distribution in soils (Agarwal et al., 2005; Fu et al., 2014) . Topographical factors may impact sediment transport (He et al., 2004; Quinton and Catt, 2007) , and we conclude that these factors may be the reason for the high concentrations of Cr, Ni, Zn and Pb found on the south-facing slopes and at low elevations in our study area. This is because gentle slopes are conducive to sediment deposition (Aksoy and Kavvas, 2005; Fang et al., 2013) . In the topsoil, the parent materials, sediment transport and agricultural management strategies influence the concentrations of heavy metals. However, in the subsoil, the concentrations of heavy metals may mainly be influenced by the parent materials. As a result, in topsoil, the concentrations of heavy metals were controlled by both soil-related and topographical factors, whereas they were mainly controlled by soil-related factors in the subsoil.
Conclusions
The objectives of this study were to outline the accumulation of and environmental controls over heavy metals in the DHV of the Upper Red River. Our results indicated that the average concentrations of Cr, Ni, Cu, Zn, and Pb in the DHV region exceeded their background levels and were higher than most of those reported in agricultural soils worldwide. Cu had the highest contamination factor, followed by Ni, Zn, Cr, and Pb, in that order. High levels of heavy metal contamination may have resulted from the uncontrolled application of fertilizers and pesticides, as well as from mining in the DHV region. The spatial distribution of heavy metals in topsoil and subsoil was similar for each individual heavy metal. Cr, Ni, Zn and Pb exhibited similar spatial distribution patterns; high concentrations of these metals were observed at low elevations or on the south side of the catchment and in areas with relatively low slope gradients and frequent farming activities. The spatial distribution of Cu was distinct from those of Cr, Ni, and Zn. The heavy metal contents of Cr, Ni, Zn, and Pb were significantly positively correlated in both topsoil and subsoil, while Cu was not correlated with the other heavy metals. The concentrations of Cr and Ni in both topsoil and subsoil were mainly controlled by the soil-related factors of silt and pH, respectively. The concentration of Pb was controlled by OM in the topsoil and by Sl in the subsoil. The concentrations of Cu and Pb were mainly determined by the topographical factors of As and SWI, respectively, in topsoil and by the soil-related factors of sand and OM in subsoil. Chemical fertilizers, pesticides, and pig manures could be the major reason for the accumulation of Zn, Ni, Cr, and Pb in the study area, while the accumulation of Cu may be attributed primarily to mining and bedrock influences. High concentration of heavy metals, severe soil erosion, and the proposed plan to dam the river system may interact to make the DHV a potential source of heavy metal pollution for the Red River. Local governments must consider this issue when construction of the "cascade reservoir system" is implemented. Effective soil remediation measures and soil and water conservation are needed in the DHV to prevent heavy metal contamination in the Red River. 
